ciliogenesis; polarized epithelia; wound healing GALECTINS (GAL) ARE A FAMILY of small soluble lectins characterized by the presence of one or two homologous carbohydrate recognition domains with specificity for glycoconjugates that contain ␤-galactosides (10) . To date, 15 mammalian galectins have been identified, each with affinity for a defined subset of carbohydrates (23, 41, 43, 53) . Interestingly, galectins are found throughout the cell in the nucleus, cytoplasm, and extracellular compartments where they function in a wide variety of biological processes such as cell adhesion, cell differentiation and development, signal transduction, regulation of cell proliferation and cell death, and membrane trafficking (10, 17, 18) .
While nuclear activities of galectins are glycan independent (28), cell surface galectins undoubtedly utilize their carbohydrate recognition domains and multivalency to bind to and crosslink glycoconjugates, as described for Gal-3 interaction with cytokine receptors, Gal-9 interaction with the glucose transporter Glut-2, and Gal-1 interaction with ion channels (24, 37, 39) . In each case, the loss of galectin binding correlated with reduced plasma membrane levels of the transmembranous binding partner, indicating that galectins function to stabilize specific proteins at the cell surface (24, 37, 39) . Interestingly, galectins do not reach the cell surface through the wellcharacterized vesicular biosynthetic pathway linking the endoplasmic reticulum and Golgi complex but are released from the cytoplasm in a fully folded form by an "unconventional protein secretion" mechanism (10) . Several paths for unconventional secretion of specific proteins have been proposed, including direct transit across the plasma membrane or incorporation into vesicular intermediates such as secretory lysosomes, shed plasma membrane microvesicles, or exosomes (36) .
The mechanism of galectin secretion is presently unknown, but both Gal-3 and Gal-4 were observed within distinct transport vesicles released from the trans-Golgi network (TGN) of epithelial cells that could represent the pathway for galectin secretion (11, 14, 48, 51) . In each case, the galectin was associated with a subset of vesicles carrying cargo with distinct apical-targeting signals. Gal-3 was detected in polarized Madin-Darby canine kidney (MDCK) cells within vesicles carrying the apically targeted neurotrophin receptor (p75), that exhibits a lipid raft-independent targeting signal, at 7.5-10 min after vesicle release from the TGN (13, 15) . Depletion of Gal-3 from these kidney cells resulted in missorting of three apical transmembrane glycoproteins including p75, lactase-phlorizin hydrolase (LPH), and gp114 to the basolateral membrane, while trafficking defects of glycoproteins including LPH were observed in the intestines of Gal-3 null mice (13, 16) . On the other hand, Gal-4 is associated with vesicles specifically involved in the lipid raft-dependent apical delivery of glycoproteins to the brush-border membrane of polarized enterocytelike HT-29 cells (14, 51) . Recently, Gal-9 was reported to play a role in the sorting and delivery of surface proteins and in the establishment of epithelial polarity in MDCK cells; Gal-9 interaction with the apically enriched Forssman glycosphingolipid was key in this process (32) . Altogether, these data are consistent with the hypothesis that galectins exit the cytoplasm by targeted incorporation into vesicles containing specific glycoconjugate-binding partner(s), where they subsequently play a key role in apical targeting.
The presence and function of galectins other than Gal-3, -4, and -9 in vesicular traffic have not been well studied in polarized kidney epithelial cells. Our recent data indicate that transcripts for endogenous galectins in MDCK cells were Gal-3 Ͼ Gal-9 Ͼ Gal-8 Ͼ Gal-1 ϾϾϾ Gal-4 Ͼ Gal-7 (43) . We were surprised to find Gal-7 in kidney cells as Gal-7 is considered a marker of all stratified epithelia (including epidermis, cornea, oral cavity, esophagus, and anorectal epithelium), where it contributes to differentiation and development in these tissues (29, 47) . Gal-7 is also associated with epithelial cell migration, which plays a crucial role in the reepithelialization process of corneal or epidermal wounds (6, 22) . Using in situ hybridization, Gal-7 was reportedly absent in epithelia derived from endoderm (such as intestine, kidney, and lung) despite its identification in a proteomic analysis of cilia isolated from primary cultures of human airway cells (29, 38, 54) .
We now report data showing that Gal-7 is localized on the primary cilia of polarized kidney epithelial cells. Additional binding sites are clearly present on both the apical and basolateral plasma membranes, indicating that Gal-7 is specifically targeted to binding partners such as ␤1-integrin on cilia. Interestingly, we found that knockdown of Gal-7 was associated with shorter cilia and reduced wound repair in polarized cultures of mpkCCD c14 cells consistent with a role for Gal-7 in stabilization of key glycoconjugates responsible for integrating cilia function with epithelial repair.
MATERIALS AND METHODS
Reagents and chemicals. All chemicals used were obtained from Sigma (St. Louis, MO) unless otherwise noted.
Antibodies and lectins. Mouse anti-Gal-7 antibodies were from R&D Systems (Minneapolis, MN) and used at a 1:200 for immunofluorescence labeling of cultured cells. Rat anti-zonula occludens (ZO)-1 hybridoma R40.76 culture supernatant (Dr. D. A. Goodenough, Harvard University, Cambridge, MA) was used at a dilution of 1:10. Rabbit antibodies directed against polycystin-1 (PC-1) were a gift from Dr. Oxana Ibraghimov-Beskrovnaya (Genzyme, Framingham, MA). This antibody recognizes the amino-terminal region (LRR domain) of PC-1 (25) and was used at 1:200 dilution. Mouse antiacetylated tubulin antibodies were from Sigma and used at a 1:100 dilution for staining cells and 1:4,000 dilution for staining tissue (see below). Rabbit anti-␤1-integrin antibodies were purchased from Millipore (Ab1952, Temecula, CA) and used at 1:1,500 dilution for immunoblotting. Alexa 488-conjugated goat anti-glutathione S-trransferase (GST) antibodies were from Invitrogen (Carlsbad, CA) and used at 1:1,000 dilution. All affinity-purified and minimal crossreacting FITC-and Cy5-conjugated secondary antibodies from Jackson ImmunoResearch Laboratories (West Grove, PA) were used at a 1:200 dilution. Cy3-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories) were used at 1:1,000 dilution.
Mouse and goat antibodies against Gal-3 and Gal-7 were purchased from R&D Systems and used at a 1:1,000 dilution for immunoblotting. Rabbit anti-␤1-integrin antibodies are from Millipore and used at 1:1,500 dilution. Horseradish peroxidase (HRP)-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories) were used at 1:10,000 dilution. GST and GST-tagged recombinant canine Gal-7 and Gal-3 were produced and purified as described previously (43) . Biotinylated Ulex europeaus agglutinin (UEA) was purchased from Sigma, and FITC-conjugated streptavidin was obtained from Invitrogen.
Cell culture. MDCK type II cells and LLC-PK 1 cells were cultured in MEM from Cellgro (Herndon, VA) containing 10% (vol/vol) FBS (Hyclone, Logan, UT), and 1% (vol/vol) penicillin/streptomycin at 37°C in a humidified atmosphere containing 5% CO 2. The cells grown on 10-cm dishes were detached with trypsin and EDTA and washed with MEM/FBS. Polarized cells used for microscopy were prepared by adding 10 6 cells to the apical chamber of rat tail collagen-coated, 12-mm diameter Transwells (Costar, Cambridge, MA). Cells were cultured in MEM/FBS for 3-5 days. Where indicated, cells were incubated with 100 mM lactose added to the medium overnight before immunofluorescence labeling.
Human airway epithelial (HAE) cells were prepared from excess pathological tissue following lung transplantation and organ donation under a protocol approved by the University of Pittsburgh Institutional Review Board. Cells were plated on collagen-coated Costar Transwell filters as previously described and used for experiments after 4 -6 wk of culture at an air-liquid interface (33) .
The mpkCCD c14 cells were cultured in growth medium composed of equal volumes of DMEM and Ham's F-12 plus 60 nM sodium selenate, 5 g/ml transferrin, 2 mM glutamine, 50 nM dexamethasone, 1 nM triiodothyronine, 10 ng/ml epidermal growth factor, 5 g/ml insulin, 20 mM D-glucose, 2% vol/vol FBS, and 20 mM HEPES, pH 7.4, as described (3). Cells were maintained at 37°C in a humidified 5% CO 2 incubator with medium changes every other day and passaged twice weekly. Cells were subcultured onto Costar Transwell filters 4 days before use in experiments to allow for cell polarization.
Immunofluorescence labeling, confocal microscopy, and image processing. MDCK, LLC-PK1, mpkCCDc14, and HAE cells were fixed with 4% (wt/vol) paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) using the pH-shift protocol as previously described (1, 2). Excess paraformaldehyde was quenched with phosphate-buffered saline containing 20 mM glycine, pH 8.0, and 75 mM NH4Cl for 10 min at room temperature. Fixed cells were then incubated in block buffer [0.025% (wt/vol) saponin, 8.5 mg/ml of fish skin gelatin in PBS] containing 10% (vol/vol) goat serum for 10 min at room temperature. Cells were incubated with primary antibodies, recombinant GST-galectins, or biotinylated UEA for 1 h at room temperature, washed three times with block buffer for 5 min, and then incubated with fluorescent-labeled secondary antibodies (or FITCconjugated streptavidin to visualize UEA) for 1 h at room temperature. After three additional 5-min washes with block buffer, the cells were rinsed with PBS, fixed with 4% paraformaldehyde in 100 mM sodium cacodylate buffer, pH 7.4, for 5 min at room temperature, then TOPRO-3 nuclear stain for 5 min where indicated (diluted 1:400, Invitrogen), and then mounted. Where noted, immunolabeling was performed on nonpermeabilized cells.
Imaging was performed on a TCS-SL confocal microscope (Leica, Deerfield, IL) equipped with argon, green helium-neon, and red helium-neon lasers. Images were acquired using a ϫ100 plan-apochromat oil objective (NA 1.4) and the appropriate filter combination. Settings were as follows: photomultipliers set to 600 -800 V, Airy ¼ 1, zoom ¼ 2.0 -3.0, Kalman filter (n ¼ 4). Images were collected every 0.25 m and averaged three times. The images (512 ϫ 512 pixels) were saved in a TIFF format using Volocity software (Improvision, Lexington, MA) and imported in FREEHAND 11.0 (Macromedia, San Francisco, CA).
Confocal microscopy of kidney sections. Experiments were conducted using adult male (350 g) Sprague-Dawley rats (Charles River, Wilmington, MA). All animal experiments followed protocols approved by the University of Pittsburgh Institutional Animal Care and Use Committee. The animals were anesthetized using intraperitoneal pentobarbital sodium injections. The kidneys were fixed via left ventricle perfusion with PBS followed by 4% paraformaldehydelysine-periodate (PLP) fixation (31, 40) . The kidneys were removed after perfusion, cut into ϳ0.5-cm sections, and placed in PLP fixative overnight at 4°C. The next day, the tissues were washed three times in PBS and stored at 4°C in 0.02% sodium azide in PBS. To obtain 4-m-thick cryostat sections, the PLP-fixed kidney tissue was cryoprotected in 30% sucrose in PBS overnight at 4°C. The tissues were subsequently embedded in OCT Compound (Tissue-Tek, Sakura, Torrance, CA) in a mold and frozen at Ϫ30°C. Using a Reichert Frigocut microtome, the sections were picked up on Superfrost Plus microscope slides (Thermo Fisher Scientific, Rockford, IL) as previously described (40, 52) .
For immunostaining, cryostat sections on slides were hydrated for 30 min in PBS. The slides were pretreated with 1% SDS, as an antigen retrieval method (5) followed by three 5-min washes in PBS. The slides were preincubated in a blocking solution of 1% BSA in PBS with 0.02% sodium azide for 15 min. The sections were incubated in either primary anti-Gal-7 antiserum raised in mouse (R&D Systems) at 1:100 in Dako diluent (Dako, Carpinteria, CA) for 75 min at room temperature or with anti-acetylated tubulin antibody (Sigma) also raised in mouse (1:4,000). Following the primary antibody incubation, the sections were washed twice for 5 min in high-salt PBS (2.7% NaCl) to reduce nonspecific immunolabeling, followed by one wash in normal-strength PBS. Sections were then incubated for 1 h with secondary antibody at room temperature (goat anti-mouse IgG coupled to FITC, Jackson Immunologicals) and again washed as described above.
Some sections were double stained with anti-acetylated tubulin and anti-Gal-7 antibodies. Both of these primary antibodies were raised in mouse, and therefore, a signal amplification technique was used to allow staining of sections with the first primary antibody without cross-reactivity with the second secondary antibody, as previously published (40) . Briefly, the first affinity-purified antibody, anti-acetylated tubulin, was applied to the slides at a dilution of 1:4,000, a concentration too low to be detectable by conventional application. The dilute anti-acetylated tubulin antibody was detected using a tyramide amplification kit (PerkinElmer NEN, Waltham, MA) according to the manufacturer's instructions, with tyramide-FITC as a fluorescent reagent. The sections were first immunolabeled with the mouse anti-acetylated tubulin antibody and tyramide-FITC and then were incubated conventionally with mouse anti-Gal-7 antibody and a secondary donkey anti-mouse antibody coupled to Cy3 (Jackson Immunologicals), as described above.
The sections were then mounted in Vectashield (Vector Laboratories, Burlingame, CA) and examined using a Leica E800 epifluorescence confocal microscope. The final images were imported into Adobe Photoshop for adjustment of levels and to generate the merged image of two channels.
Immunoblotting of galectins. For detection of endogenous Gal-3 and Gal-7 present in cell homogenates or purified GST-tagged recombinant canine Gal-3 and Gal-7, lysates were resolved by SDS-PAGE on a 15% polyacrylamide gel, proteins were transferred to nitrocellulose membranes, and then blocked with 5% BSA in phosphatebuffered saline. The nitrocellulose membranes were incubated with primary antibodies overnight followed by a 1-h incubation with HRP-conjugated secondary antibodies. The secondary antibodies were detected with chemiluminescence reagent (PerkinElmer NEN).
Comparison of apical and basolateral ␤1-integrin binding by . Polarized MDCK cells growing on 24-mm permeable supports in six-well clusters (Costar, Corning, NY) were biotinylated with membrane-impermeant sulfo-NHS-SS-biotin (Thermo Fisher Scientific Pierce) on the apical (6 filters) or basolateral (2 filters) surface on ice as previously described (30) . Cells on each filter were subsequently solubilized in 0.4 ml of detergent buffer [60 mM n-octyl ␤-D-glucopyranoside and 0.1% SDS in HEPES-buffered saline (HBS; 150 mM NaCl, 10 mM HEPES-NaCl, pH 7.4)] for 20 min at room temperature with end-over-end rotation on a wheel at room temperature. Cell extracts were moved to a 1.5-ml conical plastic tube and centrifuged at 14,000 rpm for 7 min in a microcentrifuge at 4°C. Samples were incubated overnight with end-over-end mixing with 50 l avidin conjugated to Sepharose (Thermo Fisher Scientific Pierce).
The biotinylated proteins bound to the avidin-conjugated beads were washed with 1 ml 1% Triton X-100 in HBS and then with 1 ml HBS, and bound protein was eluted into 400 l of HBS containing 0.1% SDS by heating for 2 min at 90°C. The eluted material was diluted fivefold with HBS containing 1% Triton X-100 (and adjusted to 14 mM ␤-mercaptoethanol). The six apical or two basolateral samples were combined and then divided in half for incubation with either GST-tagged canine galectin-like HSPC15 (negative control) or canine Gal-7. A fresh aliquot of each GST-galectin was prepared for every experiment by affinity purification (starting material ϳ1 g) on lactose-conjugated to agarose (25 l of a 50% slurry) and removal of lactose after subsequent binding to glutathione-conjugated Sepharose (25 l of a 50% slurry) as previously described (43) . The following day, the beads were washed with TNB buffer (50 mM Tris·HCl, pH 8, 150 mM NaCl, 14 mM ␤-mercaptoethanol) and proteins were eluted by successive incubations for 15 min each on a rotating wheel at 4°C with HBS containing 0.1 M sucrose in TNB buffer (as a control for nonspecific binding) and then 0.1 M lactose in TNB buffer (for specific binding).The eluents (10 l) were recovered with a Hamilton syringe after centrifugation (10,000 g for 30 s), mixed with 10 l Bio-Rad sample buffer for SDS-PAGE on a Criterion precast 4 -15% gradient gel (Bio-Rad Life Sciences, Hercules, CA), and transferred to nitrocellulose (Millipore) for immunoblotting with rabbit anti-␤1-integrin and analysis with Bio-Rad Versadoc and Quantity One software.
Generation of a Gal-7-knockdown stable cell line in mpkCCD c14 cells. pSM2 plasmids harboring short-hairpin (sh) RNAmir for Gal-7 were obtained from Open Biosystems (Huntsville, AL). The hairpin nucleotide sequence for Gal-7 knockdown was TGCTGTTGA-CAGTGAGCGCTGCCAGCAGGTTCCATGTAAATAGTGAAGCC-ACAGATGTATTTACATGGAACCTGCTGGCATTGCCTACTGC-CTCGGA for the target sequence in human Gal-7, GCCAGCAGGTTC-CATGTAA. Preliminary experiments indicated that this target sequence was also sufficient for knockdown of mouse Gal-7 in mpkCCDc14 cells. The shRNAmir construct was subsequently subcloned from pSM2 to pTRIPZ according to the manufacturer's instructions. The pTRIPZ empty vector and pTRIPZ containing a control nonsilencing sequence (Open Biosystems) have Tet-On TurboRFP and shRNAmir expression and produces tightly regulated induction of shRNAmir expression in the presence of doxycycline (DOX). Recombinant lentiviruses were generated by cotransfection of individual plasmids with a mixture of two second-generation packaging vectors [pCMV-⌬R8.2 (35) and pCMV-VSV-G (57), Addgene, Cambridge, MA] into HEK-293T cells (2.0 ϫ 10 6 cells/10-cm dish) using Lipofectamine 2000 (20 g lentiviral vector, 15 g pCMV, and 10 g VSV-G with 90 l Lipofectamine 2000/dish) according to the manufacturer's instructions (Open Biosystems). Viral supernatants were harvested 72 h after transfection and then filtered and concentrated using Amicon Ultra 50 centrifugal filter units (Millipore). mpkCCDc14 cells seeded in six-well plates were infected with viral particles at a multiplicity of infection of ϳ2. The cells were then grown for 2 wk in medium containing puromycin (2 g/ml) to select stably transduced cells. The cells were then expanded, plated on Transwell filters, and then allowed to grow to high resistance for use in experiments.
Determination of cilia length in mpkCCDc14 cells. Lentivirustransduced mpkCCDc14 cells were plated on filters 1 day before addition of DOX for 3 days (or not) to induce expression of shRNA directed against Gal-7 or the nonsilencing control shRNA. Cells were fixed, permeabilized, and processed for indirect immunofluorescence to detect acetylated tubulin, a marker for cilia. Images of random fields were captured using a Leica DM6000 B microscope equipped with a ϫ100 objective, and the lengths of individual cilia (100 -200/ filter) were measured using Volocity 5.0 software. Cilia lengths for each condition were sorted in ascending order and plotted as length vs. percentile, and as a histogram sorted in bins of 0.25-m length vs. the number of cilia in each bin. In aggregate data from two independent experiments, cilia length of cells grown with and without DOX were compared using the Mann-Whitney U-test.
In vitro wound-healing assay. Lentivirus-transduced cells were plated on 35-mm plastic dishes for 1 day before addition of DOX for 3 days to half of the dishes to induce expression of shRNA directed against Gal-7 or the nonsilencing control shRNA. In vitro wound healing was assayed in confluent cell monolayers as described previously (9, 50) . Briefly, cells were scraped using a sterile 10-l pipette tip. The wounded monolayers were washed twice to remove nonadherent cells. Wound healing was evaluated using a fluorescence inverted microscope (Nikon Eclipse TE2000-U), and 20 random images of the wound were captured at 0 and 4 h after wounding using a digital camera (Nikon E995). In each image, three random measurements of the wound width were carried out using the Adobe Photoshop CS2 software. The difference between the mean values at 0 and 4 h were calculated for each condition, and these values were normalized to the value determined for control lentivirus-transduced cells in the absence of DOX (set as 1). Three independent assays were performed and data are presented as means and SE. Statistical significance was determined using a paired Student t-test.
RESULTS

Gal-7 localizes to the primary cilia of polarized MDCK cells.
Using semiquantitative RT-PCR, we previously identified the endogenous galectins expressed in MDCK cells and concluded that transcript levels for the galectins varied greatly: Gal-3 Ͼ Gal-9 Ͼ Gal-8 Ͼ Gal-1 ϾϾϾ Gal-4 Ͼ Gal-7, while transcripts for Gal-2 and -12 were not detected even with nested primers (43). Friedrichs et al. (21) also reported that Gal-3 transcripts were 100 times more abundant than transcripts for Gal-1, -8, and -9, and 100,000 times more abundant than transcripts for Gal-12 in MDCK cells using real-time PCR. Although Gal-7 transcript levels were exceedingly low in MDCK cells, we did observe staining with anti-Gal-7 antibodies in polarized, permeabilized MDCK cells using immunofluorescence microscopy. We consistently noted punctate antiGal-7 staining above the nuclei and the tight junction marker ZO-1 in the majority of MDCK cells using confocal microscopy (Fig. 1A, a-f) . X-Z reconstruction of merged images showed that anti-Gal-7 staining was present on filamentous structures resembling the primary cilia at the apical pole of the cells (Fig. 1Ag) . To test this possibility, cells were incubated with antibodies against the MDCK primary cilia-associated protein PC-1 (42) . Notably, we found that staining for Gal-7 colocalized perfectly with staining for PC-1 at the apical pole (Fig. 1B, a-e) indicating that Gal-7 is present on the cilia.
Gal-3 was previously localized on the primary cilia of MDCK cells (8, 27) . To be certain that our Gal-7 antibodies did not simply cross-react with Gal-3, antibody specificity was tested on various tissue extracts and on purified recombinant proteins by immunoblotting ( Supplemental Fig. S1 , A and B; all supplementary material for this article is available online at the journal Web site). Anti-Gal-7 consistently recognized only a 15-kDa species while anti-Gal-3 recognized only a 27-kDa species upon immunoblotting mouse tissues, consistent with the molecular weights reported for mouse prototypical-type Gal-7 and chimeric-type Gal-3, respectively. There was also no cross-reactivity between anti-Gal-7 antibodies and recombinant canine Gal-3 (5 g) or between anti-Gal-3 antibodies and recombinant canine Gal-7 (5 g) by immunoblotting. Altogether, these data indicate that Gal-7 as well as Gal-3 are localized on the primary cilia of MDCK cells.
As galectins are characterized by their affinity for glycoconjugates containing ␤-galactose, we asked whether Gal-7 localization on cilia is glycan dependent. To test this possibility, the medium of MDCK cells was supplemented with 100 mM lactose overnight to release Gal-7 from the cell surface. This treatment with lactose (Gal␤1,4Glc) was previously demonstrated to deplete endogenous Gal-3 from cells (39) and block exogenous Gal-7 stimulation of wound healing (6) . As shown in Fig. 1C, a-d , all anti-Gal-7 staining was lost by this pretreatment, indicating that Gal-7 association with the primary cilia was glycan dependent.
Gal-7 binds to glycoconjugates on the surface of primary cilia. As growth of MDCK cells with lactose disrupted antiGal-7 staining on MDCK cells, we asked whether Gal-7 binding sites on cilia are extracellular and whether the number of sites is limited. To determine whether the binding sites are all extracellular, we incubated freshly prepared recombinant GST-tagged canine Gal-7 with polarized MDCK cells either before or after permeabilization, and before staining with Alexa 488-conjugated anti-GST antibodies. We observed similar staining of cilia-like structures, as well as apical plasma membrane, with anti-GST antibodies after incubation of cells with GST-Gal-7, both with and without membrane permeabilization ( Fig. 2A, a-c, and B, a-c) , indicating that GST-Gal-7 is binding to glycoconjugates only on the extracellular surface of cilia. No anti-GST staining was observed when recombinant GST was added alone to polarized MDCK cells ( Fig. 2A, d-f) .
To determine whether binding sites for Gal-7 are limited, GST-Gal-7 binding and colocalization with the cilia-specific intracellular protein acetylated tubulin (20) were compared before and after endogenous Gal-7 was released by overnight pretreatment of the cells with 100 mM lactose in the culture medium. We observed similar levels of staining and perfect colocalization of GST-Gal-7 and acetylated tubulin regardless of whether endogenous Gal-7 was present, indicating that the ligands for Gal-7 binding are not limiting (Fig. 2C, a-e, vs. f-j). GST-Gal-7 binding to the apical plasma membrane differed from the immunostaining of endogenous Gal-7, which was confined to the primary cilia, indicating that Gal-7 is targeted to the cilia by a novel mechanism rather than binding to the cilia after generalized secretion from the cell. Occasional cells (Ͻ1%) with bright cytoplasmic staining for Gal-7 were observed in all cultures.
We previously determined that GST-tagged canine Gal-7 preferentially recognizes blood group H (Fuc␣1,2Gal-R) on type 2 poly-NAc-lactosamine {PL or [Gal␤1,4GlcNAc␤1,3] n } with or without internal fucose on PL (Fuc␣1,3GlcNAc) (43) . As the plant lectin UEA also binds blood group H on type 2 PL (but does not tolerate internal fucose) (12), we incubated permeabilized MDCK cells with biotin-conjugated UEA and then FITC-conjugated streptavidin to determine whether blood group H on PL was specific for cilia in MDCK cells. Both primary cilia and basolateral membranes were labeled in cells incubated with UEA (Fig. 3, A-D) , whereas no staining was observed in the absence of UEA (Fig. 3, E-H) . These data could indicate either that cilia-specific glycoconjugates recognized specifically by Gal-7 are more complex than blood group H on type 2 PL as defined by UEA binding and/or that Gal-7 binding to cilia results from specific targeting.
Gal-7 binds ␤1-integrin isolated from either the apical or basolateral surface of MDCK cells. While ␤1-integrin is localized primarily on the basolateral surface of MDCK cells where it interacts with proteins in the extracellular matrix, Praetorius et al. (44, 45) reported that ␤1-integrin is also present on the primary cilium of polarized MDCK cells. In tumor cells, ␤1-integrin membrane trafficking and downstream signaling are linked to interactions with Gal-3 and Gal-8 (58), so we tested the possibility that Gal-7 might bind ␤1-integrin expressed exclusively on the apical (cilia) surface of MDCK cells using a GST-Gal-7 pull-down assay. Polarized cultures of MDCK cells were biotinylated on either the apical or basolateral surface with membrane-impermeant sulfo-NHS-SS-biotin. Cell extracts from six apically biotinylated filters or two basolaterally biotinylated filters were separately combined to obtain a comparable signal for ␤1-integrin from each cell surface ( Fig. 4A ; see lanes labeled "10% Avidin"). We estimate that only 2% of the surface ␤1-integrin is on the apical surface. Biotinylated proteins were recovered using avidin-conjugated beads, eluted, and subsequently incubated with either GSTGal-7 or GST-HSPC15 conjugated to glutathione beads. HSPC15 is an 18-kDa canine galectin-like protein lacking the conserved residues necessary for binding glycoconjugates and thereby acts as a negative control for any nonspecific binding (43) .
Using immunoblot analysis of aliquots with anti-␤1-integrin antibodies, we found that 100% of the apical-specific ␤1-integrin and 44% of the basolateral-specific ␤1-integrin initially bound to the GST-Gal-7-conjugated beads. We did not observe any binding of ␤1-integrin to the GST-HSPC15-conjugated beads. We observed no elution of ␤1-integrin when the Gal-7-conjugated beads were subsequently washed with 0.1 M sucrose (a control for nonspecific binding), but we did observe elution of both the apical-specific (92%) and basolat- eral-specific (60%) ␤1-integrin when the beads were incubated with 0.1 M lactose. Altogether, these data show for the first time that Gal-7 can bind to ␤1-integrin. As Gal-7 exhibits a similar affinity for binding apically and basolaterally expressed ␤1-integrin, this indicates that Gal-7 associates exclusively with apically destined ␤1-integrin (or glycoproteins with similar glycans) targeted to the primary cilium.
Gal-7 is localized on cilia in a variety of cell types. The results of previous studies in human, rat, and mouse tissues using in situ hybridization, Northern blotting, and immunofluorescence microscopy indicated that Gal-7 was expressed in ectodermally derived nonepidermal epithelia such as the esophagus, anorectal region, and buccal cavity but not in epithelia derived from endoderm such as the lining of the intestine, kidney, or lung (29, 54). As we found low but notable expression of Gal-7 in MDCK cells by immunofluorescence microscopy, we looked for Gal-7 expression in kidney cell lines from other species. We observed Gal-7 staining on the primary cilia of both LLC-PK 1 cells (pig) and mpkCCD c14 cells (mouse) and GST-Gal-7 binding to cilia of mpkCCD c14 Fig. S2 ). More importantly, we observed costaining for Gal-7 and acetylated tubulin on the primary cilia of the rat renal proximal tubules (Fig. 5A, a-c and Supplemental Fig. S3 ) and collecting duct (Pastor-Soler NM, unpublished observations) of rat kidney. We also found colocalization of staining for Gal-7 with PC-1 on many cilia of multiciliated cells in a primary culture of human airway epithelia (Fig. 5B,  a-c) and binding of exogenously added GST-Gal-7, but not GST alone, to cilia from airway (Rondanino C, unpublished observations). Both Gal-3 and Gal-7 were found by immunoblot analysis of extracts from human airway cultures (Supplemental Fig. S4) .
cells (Supplemental
Gal-7 knockdown affects cilia length and wound healing in mpkCCD c14 cells. The function of Gal-7 has been previously studied only in stratified epithelial cells lacking cilia. To characterize the role of Gal-7 association with the primary cilia of kidney epithelial cells, we knocked down Gal-7 expression using shRNA and assessed the length of cilia. The experiments could not be carried out in MDCK cells because of our inability to effectively measure Gal-7 transcripts with RT-PCR or canine Gal-7 protein levels with immunoblotting and thereby assess knockdown (Rondanino C, Poland PA, and Hughey RP, unpublished observations). In preliminary experiments, we were successful in stable knockdown of Gal-7 expression in primary cultures of human airway cells using lentivirus encoding human-specific shRNA (Li H, Myerburg MM, and Hallows KR, unpublished observations). However, we also found that the same shRNA produced by the lentivirus was efficient in knockdown of mouse Gal-7 in mpkCCD c14 cells. As we were successful in immunoblotting mouse Gal-7 in a model of mpkCCD c14 cells, we proceeded to study Gal-7 function in the stable kidney cell line rather than the primary airway cultures. mpkCCD c14 cells were stably transduced with a lentiviral vector encoding tetracycline-regulated expression of either an shRNA against Gal-7 or a nonsilencing control shRNA. The lentiviral vector also coexpressed tetracycline-inducible Turbo-RFP. Cells were plated on permeable supports, and the tetracycline analog DOX was added to half of the cultures to induce expression of shRNAs on the following day. After 3 days in culture with or without DOX in the medium, the polarized cells were fixed, permeabilized, and incubated with antibodies against acetylated tubulin to visualize and measure the length Polarized MDCK cells were treated with sulfo-NHS-biotin on the apical (6 filters) or basolateral (2 filters) surface, and biotinylated proteins were recovered with avidin-conjugated beads. Proteins recovered from the apical (Ap) or basolateral (BL) surface were pooled and then split in half for incubation with either GST-Gal-7 (7) or galectin-like HSPC15 (control; C) prebound to glutathione-beads. Samples were analyzed by immunoblotting (IB) with rabbit anti-␤1-integrin antibodies. A: aliquots of total detergent extract (5% total) and recovered biotinylated proteins (10% Avidin) were included as controls. B: after overnight incubation, the beads were incubated with sucrose (nonspecific binding), and then lactose (specific binding), and released proteins were recovered for immunoblotting. Numbers on the left indicate the mobility of the Bio-Rad protein standards at 100 and 150 kDa. of the primary cilia (Fig. 6) . Cilia length was measured only in cells expressing TurboRFP (red fluorescent cells) for cultures grown with DOX. Cell extracts were incubated with lactoseconjugated beads and analyzed by immunoblotting with antiGal-7 antibodies to assess the level of knockdown (ϳ50%, Fig.  6B ). We observed significantly shorter cilia in Gal-7-shRNAexpressing cells grown with DOX (knockdown conditions) compared with the same cell line grown without DOX (control conditions), while we observed only a small decrease in the length of the cilia in control shRNA-expressing cells after growth with DOX compared with cells growing without DOX. This is especially evident in Fig. 6D , where the peak of cilia of ϳ1 m in length is notably increased while the shoulder of cilia between 2 and 4 m in length is lost when Gal-7 levels are reduced by 50%. Altogether, these data indicate that Gal-7 plays a key role in modulating the length of the primary cilia in mpkCCD c14 cells.
As Gal-7 clearly plays a key role in reepithelialization of wounds in the cornea and skin (22, 26) , we assessed the role of Gal-7 in wound repair in these same cultures of lentiviral stably transduced mpkCCD c14 cells growing on plastic culture dishes with and without DOX in the medium. A sterile pipette tip was used to make a scratch of ϳ3 m on each plate. Twenty random microscopic images were obtained of each scratch at 0 h and then at 4 h, a time when the wound was closed halfway (Fig. 7) . The data in each of three experiments (n ϭ 60) were normalized such that the rate of wound healing for control shRNA-expressing cells growing without DOX was set as 1. While we observed no difference in the rate of wound healing for control shRNA-expressing cells after growth with or without DOX, we did observe a 33% statistically significant reduction in wound healing for Gal-7-shRNA-expressing cells when grown in DOX. As a similar ex vivo assay for wound healing of keratinocytes from skin explants of Gal-7 knockout mice was reduced by 20% compared with keratinocytes from normal mice (22), we conclude from our studies that Gal-7 plays a significant role in kidney epithelial wound repair.
DISCUSSION
In the present study, we made the novel observation by immunofluorescence microscopy that Gal-7 is localized to the primary cilia of both rat kidney tubules and renal epithelial cell lines from several species (dog, pig, and mouse) as well as the motile cilia of multiciliated lung epithelial cells in primary cultures of human airway tissue. Earlier reports concluded that Gal-7 was primarily expressed in stratified epithelia but was not present in epithelia derived from endoderm such as the lining of the intestine, kidney, or lung (29, 54) . Our data indicate that Gal-7 levels are exceedingly low in kidney compared with stratified epithelial cells. However, we observed a robust signal for Gal-7 in immunoblots of cultured human airway cells (Supplemental Fig. S4) , consistent with the identification of Gal-7 in a proteomic analysis of cilia isolated from the same type of cultures (38) . Considering the distinct localization of Gal-7 on the cilia of both kidney and lung epithelial cells, and our observations that depletion of Gal-7 in mpkCCD c14 cells correlated with shorter cilia length and reduced wound healing, it is likely that Gal-7 has both overlapping and distinct functions in kidney and lung epithelia compared with stratified epithelial cells. As Gal-7 and the primary cilia have been previously linked to epithelial repair (discussed below), Gal-7 most likely functions by stabilizing key glycoconjugates such as ␤1-integrin on the surface of cilia.
Gal-7 is targeted to the primary cilia in polarized epithelial cells. Cilia are cellular projections formed by a microtubulebased axonemal complex that are assembled on a basal body on the apical surface of polarized epithelia (for a review, see Refs. 19 and 34). These structures can be motile and function in propulsion of fluid, as observed for multiciliated cells of the lung epithelia, or nonmotile, with varied roles in sensing, signaling, and cell proliferation. While small, soluble proteins are delivered into cilia from the cytoplasm by diffusion and retention, structural components of the axoneme are delivered by intraflagellar transport (IFT) using multiprotein complexes and microtubule motors. Interestingly, the cilia membrane lipid and protein content are distinct from that of the plasma membrane. The mechanism for delivery of lipids and transmembrane proteins to cilia most likely involves sorting of these components within the trans-Golgi network and budding into specific vesicles destined for the periciliary membrane at the base of the cilia. The targeting of vesicles with cilia-specific cargo is not fully understood and involves targeting sequences, incorporation of specific IFT proteins (IFT20), GTP-Rab8, and rabaptin 5 as well as multiprotein complexes such as the BBsome. D) . In aggregate data from 2 independent experiments, induction of Gal-7 shRNA resulted in a statistically significant decrease in cilia length compared with identical cells plated in the absence of DOX (mean cilia length was 1.30 and 1.77 m, with and without DOX, respectively, P Ͻ 1 ϫ 10 Ϫ9 by Mann-Whitney U-test). Cilia length in cells transduced with control shRNA was slightly different in the presence or absence of DOX (mean cilia length was 1.42 and 1.61 m, with and without DOX, respectively, P Ͻ 0.03 using the same analysis).
The limited localization of Gal-7 to the primary cilia in the kidney was a surprising observation in light of the patterns we observed for binding of both exogenous GST-Gal-7 and the plant lectin UEA with glycan specificity similar to Gal-7. Exogenous GST-Gal-7 was bound specifically to the apical surface of polarized MDCK cells, including the primary cilia, in the presence or absence of endogenous Gal-7 (Ϫ/ϩ lactose pretreatment), indicating that the number of apical-specific glycoconjugates that can be ligands for Gal-7 are not limiting. Conversely, UEA was bound specifically by the apical cilia and the basolateral membrane, indicating that there are unique glycoconjugates on cilia that are absent from the remainder of the apical surface. Our findings are consistent with the studies by Praetorius et al. (45) , who previously identified the normally basolateral ␤1-integrin as the primary ligand for the cilia-specific binding of the plant lectin Sambucus nigra agglutinin (SNA), with preference for sialic acid (NeuAc␣2,6Gal or NeuAc␣2,6GalNAc). Altogether, it seems that glycoproteins targeted to cilia exhibit a unique array of glycans recognized by SNA, UEA, and Gal-7.
In our present study using surface-specific biotinylation, we found that only 2% of the surface ␤1-integrin is present on the apical pole of MDCK cells. Small levels of basolaterally targeted/specific proteins are often observed on the apical surface of polarized cells such as MDCK, but the cilia-specific localization of ␤1-integrin is exceptional and not simply due to mistargeting. While we are not suggesting that ␤1-integrin is the sole binding partner for Gal-7, it is likely that these two proteins reach the cilia by overlapping pathways. While ␤1-integrin is a transmembrane glycoprotein requiring a vesicular biosynthetic delivery pathway, Gal-7 is synthesized in the cytoplasm and must cross either the intracellular vesicular membranes or the plasma membrane to reach the luminal or extracellular glycoconjugates of the cilia, respectively, as described for unconventional secretion of other galectins (for a review, see Ref. 36 ). As we observed that GST-Gal-7 added from the extracellular surface did not exhibit cilia-specific binding but rather bound the entire apical plasma membrane, our cumulative findings are most consistent with Gal-7 transport into biosynthetic vesicles targeted for cilia rather than secretion into the apical compartment. As galectin export from cells is directly linked to the expression of counterligands (i.e., glycan structures) (49) , it is quite likely that Gal-7 import into vesicles is directly linked to the presence of Gal-7-preferred glycoconjugates within the vesicle lumen.
Gal-7 plays a key role in wound healing in stratified and simple epithelia. A role for Gal-7 in wound healing has been previously established in keratinocytes and cornea that both lack cilia. Recent studies in Gal-7 null mice that exhibit no obvious skin abnormalities revealed dysregulation of wound healing, with abnormalities in the timing of apoptosis, cell migration, and cell proliferation (22) . Cao et al. (6) also found that reepithelialization of corneal wounds was delayed in Gal-3 null mice where secondarily Gal-7 levels were also significantly reduced. Moreover, addition of recombinant Gal-7, but not Gal-3, stimulated wound recovery in corneal explants from Gal-3 null mice, while both Gal-7 and Gal-3 stimulated wound recovery in corneas of normal mice (6) . The basis for the reduced expression of Gal-7 in Gal-3 null mice is unknown, and subsequent studies actually found that Gal-7 was actually upregulated in wounded cornea of normal mice (7).
The effectiveness of exogenous Gal-3 and Gal-7 in the studies of corneal wound repair was abrogated by inclusion of lactose, but not sucrose, indicating that the mechanism for stimulating wound repair was glycan dependent (6). Saravanan et al. (46) recently reported that Gal-3 promotes lamellipodia formation in a human corneal epithelial cell line by binding to ␣3␤1-integrin through interactions with the N-linked glycans on the ␣3-subunit, while Praetorius et al. (44) reported that ␤1-integrin and ␣3-integrin are localized on the primary cilium of MDCK cells. We now report that Gal-7 with specificity for linear poly-NAc-lactosamine terminated with blood group H (or sialic acid, NeuAc␣2,6) (43) also binds ␤1-integrin. As Gal-3 is also found on the primary cilium of kidney epithelial cells, where it modulates cilia length (55) , and wound healing in lung and kidney epithelial cells has been linked to the transient nature of the primary cilia (4, 56) , it seems that Gal-7 and Gal-3 may share binding partners and exhibit some overlapping functions in epithelial homeostasis and repair.
